Background: Simulation has been identified as a means of assessing resident physicians' mastery of technical skills, but there is a lack of evidence for its utility in longitudinal assessments of residents' non-technical clinical abilities. We evaluated the growth of crisis resource management (CRM) skills in the simulation setting using a validated tool, the Ottawa Crisis Resource Management Global Rating Scale (Ottawa GRS). We hypothesized that the Ottawa GRS would reflect progressive growth of CRM ability throughout residency. Methods: Forty-five emergency medicine residents were tracked with annual simulation assessments between 2006 and 2011. We used mixed-methods repeated-measures regression analyses to evaluate elements of the Ottawa GRS by level of training to predict performance growth throughout a 3-year residency. Results: Ottawa GRS scores increased over time, and the domains of leadership, problem solving, and resource utilization, in particular, were predictive of overall performance. There was a significant gain in all Ottawa GRS components between postgraduate years 1 and 2, but no significant difference in GRS performance between years 2 and 3. Conclusions: In summary, CRM skills are progressive abilities, and simulation is a useful modality for tracking their development. Modification of this tool may be needed to assess advanced learners' gains in performance.
T he current zeitgeist in graduate medical education centers around a competency-based model that emphasizes individualized instruction and objective evidence of learning outcomes (1) . In the United States, the Accreditation Council for Graduate Medical Education (ACGME) announced the current phase of the Outcomes Project, the Next Accreditation System (NAS), in February of 2012 (2, 3) . The NAS directs residency programs to demonstrate trainees' progressive mastery of knowledge, skills, and behaviors pertaining to the six core clinical competencies. In the field of emergency medicine (EM), simulation has been proposed as one of the key modalities for assessing residents' clinical abilities within these newly framed 'Milestones' (4) . The 2008 Society for Academic Emergency Medicine Consensus Conference on 'The Science of Simulation in Healthcare' held that 'strong leadership skills are crucial to the practice of EM and thus should be a focus of team training' (5) . As the NAS is enacted, there is a growing need for evidencebased tools to evaluate trainees' teamwork and interpersonal communication skills (6) . Crisis resource management (CRM) refers to the constellation of cognitive and interpersonal communication skills that comprise effective team performance (7, 8) .
Simulation has been well established as a means of assessing competency in a variety of individual clinical applications. However, limited evidence exists for the use of simulation to demonstrate growth of clinical competencies within individual learners over time. While the Ottawa GRS has been used to evaluate residents and
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Methods
This was an observational cohort study conducted at a single academic emergency medicine residency program based in Northern California. The Institutional Review Board at the UC Davis School of Medicine approved the study. Individual resident data were de-identified prior to analysis.
The Department of Emergency Medicine at UC Davis has held annual resident simulation assessments since 2006 to augment training and to satisfy ACGME requirements in resident evaluation. Residents are tested in a single session in which each resident performs one case. Residents are scored by multiple faculty raters using the Ottawa Crisis Resource Management Global Rating Scale (Ottawa GRS), a tool developed to evaluate team leadership and communication in the simulation environment (14) . Simulated patient scenarios were developed via an iterative process by EM faculty with expertise in simulation education and scenario development. The scenarios were targeted in complexity to postgraduate year of training and were vetted by a consensus group of EM faculty with extensive simulation experience.
One hundred and three residents trained at the UC Davis EM program during the study period, 2006Á2011. The EM residency at UC Davis is a 3-year, ACGME approved program established in 1989. UC Davis residents spend 70% of their clinical education at UC Davis Medical Center (UCDMC), an urban academic Level I trauma center with an annual emergency department census of 70,000 visits per year. Residents also train at a nearby private Level II trauma center with an annual Emergency Department census of 95,000 visits per year.
We included in our analysis only residents for whom we had complete longitudinal data during the study period (i.e., all 3 years of training). Fifty-eight residents were excluded from our study: 51 residents due to training cycle (i.e., entered the study as a PGY-2 or PGY-3 or completed the study as a PGY-1 or PGY-2), four residents entered the residency program as PGY-2 or PGY-3 and did not complete the PGY-1 assessment, two residents did not participate in the simulation assessment in their PGY-3 year, and one resident left the training program after the intern year. The remaining 45 residents qualified for the analysis.
Study protocol
The PGY-1-level scenario involves a patient who presents with an ST-segment elevation myocardial infarction. The patient decompensates into ventricular fibrillation and requires advanced cardiac life support. The PGY-2-level scenario involves a patient in respiratory failure and septic shock who ultimately requires intubation, central venous access, and vasopressor support. The PGY-3-level scenario involves a patient with multi-system trauma who requires intubation, chest tube placement, blood transfusion, and negotiation with a difficult consultant (Appendices A, B, and C).
All simulations were conducted in November and December of each academic year during the study period. Residents managed their cases individually after a brief standardized introduction to the simulator and case stem. A METI high-fidelity Human Patient Simulator (CAE Healthcare, Quebec, Canada) was used for all scenarios. Medical and nursing students as well as emergency department nurses served as confederates in the scenarios. Confederates were instructed to follow the direction of the participating resident but were not permitted to offer any suggestions in management or clinical decision making.
Residents' performance was rated using the Ottawa GRS Scale (Appendix D) (14) . The Ottawa GRS consists of five CRM-related domains (leadership, problem solving, situational awareness, resource utilization, and communication) and an overall performance rating. Each domain is ranked on a 7-point Likert-style scale (seven being the highest), with descriptive anchors to aid in scoring. The Ottawa GRS has been previously validated and has shown strong interrater reliability and discriminative ability between PGY-1 and PGY-3 trainees (13). Scores were used to provide formative feedback to the resident as well as to identify residents in need of remediation. Twelve residents performed below expectations during at least one of the three assessments and were allowed a retest using an alternate scenario. Data from repeat testing was not included in our analysis.
Three to five EM faculty members were present for each session and directly observed the simulation exams. Each of the faculty raters evaluated the residents during the simulation and independently recorded their scores using the Ottawa GRS instrument. All assessments were performed in real time without reliance on video playback. While the number of raters during a given assessment varied, the group of faculty raters (eight in total) remained consistent throughout the study period. Each of the raters received training on the use of the Ottawa GRS instrument and each was asked to score resident performance based on the descriptive anchors embedded in the Ottawa GRS instrument.
Outcome measures
The primary outcome of interest was to measure the interval change in resident performance by PGY level for the individual components of the Ottawa GRS. The secondary outcome of interest was to determine which Samuel Clarke et al.
elements of the Ottawa GRS were most predictive of overall performance.
Data analysis
We evaluated mean GRS scores with standard deviations and interquartile ranges by individual over time and by PGY status.
We constructed two repeated measures models to evaluate: 1) the interval significance of individual performance within a PGY class and between classes within the institution and 2) the components of the Ottawa GRS that were predictive of overall performance. The first was a mixed-effects repeated measures model that included each component of the Ottawa GRS as a candidate predictor for interval significance of an individual's performance throughout residency. The second was a repeated-measures generalized linear mixed model, which included components of the Ottawa GRS (leadership, problem solving, situational awareness, resource utilization, communication, and overall) and interaction terms as candidate predictors of overall performance. The second model included a pooled analysis of all participants, controlling for PGY status. In each model, the clustered fixed effects were the individual (subject) effect and his or her PGY status. Specifications for the Ottawa GRS component model and the Ottawa GRS time-interval model are included in the corresponding tables. All analyses were performed using SAS software, version 9.3 (SAS Institute Inc., Cary, NC, USA; 2011).
Results
The demographics of the 45 residents are shown in Table 1 . Mean GRS scores increased throughout each training year, with greater within-group variance for the PGY-1 level residents than in subsequent training years ( Table 2) . The greatest increase in mean GRS scores occurred between the PGY-1 and PGY-2 years ( Fig. 1) , despite individual variability in performance trajectory (Fig. 2) .
The overall model demonstrated varying performance of individual components of the GRS (Table 3) . Leadership, problem solving, and resource utilization showed statistical significance in the overall model.
In the longitudinal growth model, the individual components of the Ottawa GRS Á as predictors of overall performance Á varied in statistical significance over time (Table 4 ). All components were statistically significant in the interval from PGY-1 to PGY-2. In contrast, no significant difference in performance in any GRS domain in the interval from PGY-2 to PGY-3 was detected.
Discussion
In this first study to evaluate critical resource management skills over time, we found that the Ottawa GRS readily identified early growth of residents' skills. However, the Ottawa GRS was unable to discriminate scores between higher levels of training. Early learners showed considerable variance in individual scores. As training progressed, learners' scores clustered closer together (i.e., there was a decrease in within-group variance and increase in between-group variance). The finer differences in GRS domains were not detectable in advanced learners.
Our results should be contextualized in the step-wise evolution of the current graduate medical education evaluation paradigm. In 1999, the ACGME instituted the Outcomes Project, a multi-year residency accreditation initiative based on educational outcomes and resident performance. This project was based on six identified core competencies: patient care, medical knowledge, practicebased learning and improvement, interpersonal skills and communication, professionalism, and systems-based practice (15) . The ACGME convened again in 2007Á2008 to identify assessment methods for graduate medical programs. The group concluded that each specialty should adopt or develop specialty-appropriate assessment tools, termed 'Milestones', to encourage longitudinal assessment of residents, laying the groundwork for the NAS (16) .
The EM milestones were introduced in 2012 and consist of 23 areas of core knowledge (e.g., diagnosis, pharmacotherapy), skill (e.g., vascular access, airway management), and behavior (e.g., task switching, team management) common to the practice of EM (3, 17) . While documenting successful completion of procedural skills can be relatively straightforward, non-technical skills are more difficult to evaluate objectively (18) .
In the field of healthcare simulation, a number of different tools have been developed to assess CRM ability, a concept which originated in the aviation industry as 'Crew Resource Management' and which describes the non-technical skills (e.g., leadership, situational awareness, and communication) needed to successfully coordinate the behaviors of multiple individuals engaged in complex activities (19) . Gaba and Deanda adopted these principles to train anesthesiologists in critical operating room scenarios (8, 20) . These concepts were quickly embraced by other specialties such as EM and critical care (21) . Examples of CRM assessment instruments include the ANTS scale (Anesthetists' Non-Technical 22Á24) . We selected the Ottawa GRS for our study because it had been rigorously validated and is straightforward and intuitive to use. The goal of our study was to adopt a CRM assessment tool intended for discrete simulation scenarios and to use it as a 'growth chart' of CRM ability for individual trainees in the real-world setting of a residency program. In this novel approach, we found a statistically significant difference in performance across all components of the Ottawa GRS between PGY-1 and PGY-2 levels. However, no significant differences were found in performance on any component of the Ottawa GRS between PGY-2 and PGY-3 levels.
Our findings may be explained through the trainee's own perspective. First-year residents come to an institution with varying backgrounds, strengths, and weaknesses. The within-group variance seen in earlier stages later diminishes, likely due to the natural course of training in the same environment. As learners 'homogenize' through their training, the Ottawa CRM loses discriminative ability to detect progression through domains. This is consistent with the study by Kim et al. (14) which reported that the GRS instrument had good discriminative ability when comparing PGY-1 residents to PGY-3 residents in two standardized emergency scenarios.
Our study has a number of important limitations. It was conducted at a single residency program and included a limited number of participants in a single site, affecting the generalizability of our observed results. Raters were faculty within our department and therefore not blinded to resident training level and prior clinical performance. The data were obtained over the course of multiple years by a small but variable group of faculty raters, as all raters were not present for every scenario. Individual rater data were not tracked in the database. Although interrater reliability for a particular encounter could not be evaluated, the Ottawa GRS has previously been shown to demonstrate good interrater reliability (14) . While the raters did not receive extensive training in the use of the Ottawa GRS instrument, they were well versed in its rankings and appropriate use; in addition, the investigators felt the tool was sufficiently intuitive given its use of descriptive anchors to provide a reasonably reproducible score on an individual encounter.
Other institution-specific factors likely influenced our findings. The scenarios were honed over multiple years preceding the study and were targeted to each PGY level; however, they were not originally designed specifically to evoke responses for discrete GRS domains. The relatively high mean scores of residents at all levels of training suggests a possible ceiling effect that obscures true differences in ability in the advanced stages of residency (i.e., the interval between PGY-2 and PGY-3). This leniency bias may be secondary to generational differences in the studentÁteacher relationship, inadequate rater training, or inherent properties of global rating scales in resident assessment (25, 26) Á all features with which many programs struggle.
Finally, our study design was vulnerable to a number of confounders commonly encountered in education studies. Given the frequency with which our residents are exposed to simulation, it is possible that the gains observed in residents' CRM ability are attributable in part to increased confidence and facility with simulation itself, rather than with the material tested. Likewise, although participants were instructed not to share details of the scenarios with each other, some degree of ''contamination'' between groups was unavoidable.
Conclusions
Our study supports the use of the Ottawa GRS to demonstrate progression of CRM ability in individual learners over the course of residency training in EM. Specifically, the Ottawa GRS instrument shows promise as a tool for charting growth early in training but may need modification for use in advanced learners. These findings may benefit the design of a future prospective, multicenter, multi-domain observational study of residents' attainment of developmental milestones in EM. 
